Introduction
N-heterocyclic carbenes (NHCs) have found widespread application in many areas of molecular chemistry, as nucleophilic reagents in organic transformations [1] [2] [3] and as strongly Lewis basic σ-donor ligands in both transition metal [4] [5] [6] and rareearth metal chemistry. [7] [8] [9] [10] [11] As organocatalysts, NHCs are mainly used either due to their strong nucleophilicity, for example as initiators by the umpolung of electrophilic carbonyl groups into nucleophilic acyl anion equivalents for benzoin condensation 12, 13 and the Stetter reaction, 14, 15 or Brønsted basicity in stoichiometric and catalytic transesterification [16] [17] [18] and acylation [19] [20] [21] reactions. In late transition metal chemistry, NHCs are extensively exploited as ligands for homogeneous catalysts in alkene metathesis and C-C coupling reactions. [4] [5] [6] 22 In contrast, the use of neutral NHCs as donor-ligands for the rare earth elements is less common due to a mismatch in the bonding to the hard Lewis acid, resulting in inopportune lability of the NHC in these complexes. 8, 10, 11 Metallocenes of the rare earth metals are known to activate C-H bonds in both saturated and unsaturated organic substrates through σ-bond metathesis mechanisms rather than the conventional two-electron oxidative addition-reductive elimination pathway seen for late transition metals. [23] [24] [25] Furthermore, organometallic complexes of f-block metals such as alkyls, hydrides, and amido compounds are excellent catalysts for the hydroamination, phosphination, alkoxylation, and silylation of alkenes.
26-31
Recently, we and others became interested to combine the advantages of NHC ligands with the beneficial properties of rare earth metals. 8, 10, 11 In order to make use of the relative lability of the NHC ligand in f-block compounds, we exploited anionic O-or N-moieties to tether these ligands to the Lewis acidic metal. Accordingly, these tethered NHC ligands can function as reactive ligands, and the combination of the Lewis acidic metal cation and nucleophilic carbene ligand has led us to compare the reactivity of these complexes to frustrated Lewis pairs. 32, 33 For example, we have shown that polar substrates can be cleaved heterolytically, in a reversible manner, across the metal-NHC bond. Subsequent heating of these addition products led to an elimination of the functionalised substrate from the lanthanide complex, reforming the metalcarbene bond. This reactivity allowed us to form new C-C, C-E, and N-E (E = Si, P, B or Sn) bonds at redox innocent metals. 34, 35 In order to gain a deeper insight into these reactions and to broaden the substrate scope we were interested in the reactivity of electropositive metal NHC complexes towards substrates with acidic C-H and N-H bonds in order to avoid the incorporation of halide or pseudo-halide anions. In this context, N-heterocycles such as those based on pyrrole and indole are of particular interest due to their widespread application in natural products, pharmaceutical agents and materials science. 36 Thus, their functionalization has been subject of numerous studies. Additionally, due to their flexible binding mode, pyrrole and indole anions have found use as important ligands in transition metal and rare-earth metal chemistry. [36] [37] [38] [39] [40] [41] [42] [43] For example, it was shown that rare-earth metal complexes of functionalized indolyl ligands are catalysts for olefin polymerization. 44 Herein, we describe the syntheses of heteroleptic monoand bis(NHC) cyclopentadienyl, as well as homoleptic tris-and tetrakis(NHC) f-block metal complexes and their reactivity towards N-H and C-H acidic substrates.
Results and discussion

Syntheses of mono-, bis-, tris-and tetrakis(carbene) metal complexes
We identified tris(cyclopentadienyl) complexes as potential synthons for mono-and bis(carbene) cyclopentadienyl rareearth complexes as the cyclopentadienyl salt should be readily eliminated. Reaction We recently reported the synthesis of Sc(L) 3 3 (Scheme 1), 32 and now show that Th(L) 4 4, can be isolated from a similar room-temperature reaction between ThCl 4 (dme) 2 and four equivalents of KL in THF for one hour. (Fig. 1) . At 50°C, the 1 H NMR spectrum shows a significant sharpening of the ligand resonances with the septet of the isopropyl methine proton now clearly visible at 5.88 ppm along with a singlet (2H) at 3.81 ppm. On cooling, the 1 H NMR spectra display coalescence, with, at −60°C, two ligand environments present in a 1 : 1 ratio with equal-intensity resonances at 6.85, 6.71, 6.62 and 6.49 ppm for the imidazole CH protons, and two isopropyl septet resonances clearly visible at 6.09 and 5.71 ppm. The methylene protons from the alkoxide tether now appear as four doublets integrating for 1H each; although one of these latter resonances is obscured by the thf co-solvent its presence can be inferred, while the others appear at 4.79, 3.19 and 3.03 ppm. The two similar ligand environments, each with diastereotopic CH 2 groups are most sensibly assignable to a static, eight-coordinate structure. In this structure, the carbenes are bound to the Th centre with two magnetically non-equivalent, bidentate ligand environments (arising from slight twisting of each ligand), and diastereotopic CH 2 groups in each that give rise to four nonequivalent CH resonances. This assignment of the low-temperature limiting solution structure of 4 is supported by its X-ray crystal structure (see below).
X-ray single crystal structures of mono-, bis-, tris and tetrakis-(carbene) metal complexes Compounds 1-Sc and 1-Y share the same structural motif in the solid state ( Fig. 2 and Table 1 ), displaying monomeric structures in which the metal centres are coordinated in a pseudo-tetrahedral environment by two cyclopentadienyl ligands and the alkoxide and carbene donors of the bidentate NHC ligand. Crystallization of 1-Ce from a concentrated thf solution affords crystals of 1-Ce·THF, in which a molecule of THF is bound to the f-element centre and generates a distorted 
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The Ce-C carbene bond length in 1-Ce of 2.735(4) Å is slightly longer than in Ce(N{SiMe 3 } 2 ) 2 (C{N( 47 and similar to those in the Ce IV complex Ce(L) 4 48 (mean Ce-C carbene 2.674(7) Å). The slightly elongated Ce-C carbene distance can be explained by the coordination of a THF molecule and the resulting steric crowding in five coordinate 1-Ce compared to the four coordinate amidocarbene complex. Compound 2-Y crystallized with two independent molecules in the asymmetric unit; since both have very similar geometrical parameters, only one is discussed here (Fig. 3) . The yttrium centre in compound 2-Y is in a distorted trigonal bipyramidal coordination environment with both alkoxides and the cyclopentadienyl group in the equatorial plane and the carbene donors axial. The Y-C carbene bond lengths are 2.568 (3) Fig. 2 and 3) .
The solid-state structure of Th(L) 4 ( Fig. 4) shows four bidentate ligands coordinated in a mutually head-to-tail fashion, forming a square-antiprismatic Th coordination sphere. This contrasts with the solid state structures of Ce(L) 4 and U(L) 4 which exhibit 6 and 7-coordinate geometries respectively reflecting the large ionic radius of Th(IV) at 119 pm (cf. Ce(IV) 111 pm and U(IV) 114 pm). 48, 49 The slight twist in ligand backbone affords two slightly different ligand geometries, which are reflected by the torsion angles of 25.1°for O3-Th-C3-N3 and −20.4°for O2-Th-C2-N2. However, the difference between the two ligand environments is not sufficient to be manifested in different bond distances between the two forms, within standard uncertainties. The Th-C bonds are in the 
Reactivity
The reactivity of the series of homoleptic and heteroleptic complexes described above was studied with range of substrates that contain acidic C-H and N-H bonds.
N-H acidic substrates -pyrrole and indole
The reactions between heteroleptic and homoleptic carbene complexes 1-M, 2-Y, 3 and 4 and pyrrole or indole were carried out (Scheme 2 50 or indole ( pK a = 21.0 in dmso), 50 resulting in a pendant imidazolium group. The resulting nucleophilic pyrrolide and indolide anions are then trapped at the Lewis acidic yttrium centre forming the corresponding compounds 5 and 6. This reaction can also be described as the heterolytic addition of the polar N-H substrates pyrrole and indole across the Y-C carbene bond, forming a strong Y-N bond and an imidazolium cation. The resulting zwitterionic compounds are stable even at elevated temperatures. No reaction between N-methylindole and 1-Y was observed, which rules out the possibility of a C-H bond cleavage reaction at the C3 position of indole followed by a subsequent rearrangement to yield 6. Complexes 5 and 6 are insoluble in non-polar solvents such as hexane, benzene or toluene and slightly soluble in polar solvents such as thf, dioxane and pyridine. However, it should be noted that compounds 5 and 6 decompose slowly in pyridine solutions. Moreover, both compounds are extremely reactive towards water, liberating free pyrrole and indole upon reaction. Removal of the solvent and pyrrole under reduced pressure results in the reformation of 4 suggesting that while an interaction with pyrrole occurs, it is not stable towards loss of pyrrole and supports a structure in which only hydrogenbonding interactions between the Th-alkoxide and the pyrrole N-H occur. Single crystals of 5, 6, and 7 were grown and the solid state structures determined by X-ray diffraction ( Fig. 5 and 6 ). Each metal centre in 5 and 6 is four-coordinate with two η The Sc centre in 7 is coordinated by three bidentate, alkoxytethered carbene ligands in a pseudo-octahedral environment, adopting a mer geometry. The mean Sc-C carbene bond distance is 2.423 Å with a range of 2.4094(14) Å to 2.4509(15) Å and thus almost identical to those observed in the parent compound 3 and comparable to those found in other Sc-NHC complexes, e.g. 
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This journal is © The Royal Society of Chemistry 2014 striking feature in the solid state structure of 7 is the pyrrole group which hydrogen bonds through its N-H proton to the alkoxide tether O3. The N7⋯O3 separation is 2.7653(16) Å and thus comparable with other complexes containing pyrrole hydrogen-bond interactions.
Acidic C-H bonds -alkynes
In order to test the reactivity of this series of homo-and heteroleptic metal carbene complexes towards acidic C-H bonds, reactions were carried out with various alkynes RCuCH (with R = Me 3 Si, Ph, t Bu). The pK a values of these C-H bonds in these alkynes are in the range 25-29, with a precise value of 28.8 reported for R = Ph in dmso. 53 None of the homoleptic alkoxy-carbene complexes 3, 4, Ce(L) 3 48 or the potassium salt KL showed any evidence of reaction; nor did the heteroleptic carbene complexes 1-Sc, 1-Y and 2-Y. However, the reaction of a thf or benzene solution of 1-Ce with one equivalent of a terminal alkyne RCuCH (R = Me 3 Si, Ph) at room temperature resulted in a colour change from pale yellow to dark red, followed by a rapid formation of large colourless crystals which were characterised as CeCp 3 (LH) 8a (Scheme 4). This product presumably arises from ligand redistribution within the initially formed product, tentatively assigned as CeCp 2 (HL)(CuCR) 8, which rearranges to the sterically protected and highly crystalline 8a and the alkynide CeCp(HL)(CuCR) 2 8b, which presumably oligomerises or polymerises to an insoluble material due to the high degree of steric unsaturation. The solubility of 8a is poor in organic solvents, and although a set of broadened, paramagnetically contact-shifted resonances can be assigned in its 1 H NMR spectrum, no definitive identification of the imidazolium CH resonance is possible. A few different reaction conditions were carried out in order to attempt to isolate the by-product 8b or to characterise it in situ by NMR or FTIR spectroscopy, but all were unsuccessful. To our knowledge, no kinetically inert σ-bonded cerium alkynide complexes have yet been reported. Single crystals of 8a were analysed by X-ray diffraction, further confirming its identity (see below, Fig. 7 ).
Acidic C-H bonds -cyclopentadiene
The reaction of 1-Ce with one equivalent of freshly distilled cyclopentadiene results in the clean formation of 8a in good yield (Scheme 4). This demonstrates the reactive, non-innocent character of the carbene ligand which acts as a base in order to activate the C-H acidic substrate cyclopentadiene ( pK a CpH = 18.0). 54 On the other hand, monitoring a reaction between either 1-Y or 1-Sc and freshly distilled cyclopentadiene in benzene or thf solution by 1 H NMR spectroscopy shows that these congeners do not react to give the yttrium or scandium analogues, i.e. Cp 3 Y(HL) or Cp 3 Sc(HL), respectively. This might be a consequence of the smaller size of these two cations compared with Ce. However, it is of interest to note that after heating the mixture of 1-Y and cyclopentadiene for five days at 60°C, both reactants were completely unchanged, i.e. the anticipated dimerization of cyclopentadiene to dicyclopentadiene had not occurred. This suggests that perhaps there is indeed an addition reaction taking place with cyclopentadiene but it is in a rapid equilibrium in solution, resulting in no net product formation but no substrate 'decomposition'. The reaction between 2-Y and two equivalents of freshly distilled cyclopentadiene at 60°C for one hour results in the deprotonation of both cyclopentadiene molecules and in the formation of the polymer [YCp 2 (LH) 2 (Cp)] ∞ 9 (Scheme 5). Analogous in part to the reaction of 1-Ce with CpH, here both cyclopentadiene molecules are deprotonated by the basic NHC ligands resulting in two cyclopentadienyl and two imidazolium groups. One of the cyclopentadienyl ligands is trapped at the metal centre leading to two η 5 -cyclopentadienyl ligands and two pendant imidazolium groups at the yttrium centre in a slightly distorted tetrahedral environment (average angle is 109.1°). Most interestingly, the second cyclopentadienyl unit is subsequently entrapped by two imidazolium fragments, bonding from a neighbouring molecule through C carbene -H⋯ (π-Cp) hydrogen bonds, giving rise to a polymeric chain (Scheme 5). Interestingly, neither of the homoleptic complexes 3 and 4 react with cyclopentadiene. Furthermore, the reactions of all homoleptic and heteroleptic compounds described in this manuscript with indene or fluorene do not lead to any products, which might be a consequence of the less acidic nature of these substrates (pK a (indene) = 20.1, pK a (fluorene) = 22.6). X-ray structures of the two types of cyclopentadienyl adducts. It is instructive to compare the X-ray diffraction data for the crystalline cyclopentadienyl adducts 8a (Fig. 7) and 9 (Fig. 8) .
The solid state structure of 8a contains a four coordinate cerium cation in a slightly distorted tetrahedral environment which is surrounded by three cyclopentadienyl ligands and the coordinated alkoxide arm of a protonated NHC imidazolium ligand (average tetrahedral angle = 109.02°). The Ce-Cp Ct bond distances of 2.633 Å are slightly elongated when compared to 1-Ce (2.594 Å), CeCp 3 (2.548 Å) 55 or the ketone adducts CeCp 3 (Ph 2 CO) 56 and CeCp 3 (C 13 H 8 O). 56 The retention of the Ce(III) oxidation state is supported by the Ce-O bond length, which is in good agreement with other Ce(III)-O distances and the Ce-Cp Ct bond distances which are significantly longer to those found in Ce(IV)-Cp compounds, e.g. CeCp 3 Cl.
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In 9, the hydrogen-bonded cyclopentadienyl anion is disordered due to its free rotation. The average C-C bond distance of the imidazolium-trapped cyclopentadienyl anion in 9 is 1.326 Å and the average C-C-C bond angle is 108.0°which is comparable to those found in the closely related compound (9) Å) and consequently at the short end of the range of C-H⋯Cp Ct contacts. The C carbene -H-Cp Ct and H-Cp Ct -H angles are 173.61 and 178.71°, respectively. The two imidazolium ligands are arranged at an angle of 66°with respect to each other. Due to the polymeric nature of 9, the compound is virtually insoluble in aromatic and aliphatic solvents after initial crystallisation and decomposes rapidly in pyridine or chlorinated solvents, preventing detailed NMR spectroscopic analysis.
C-H acidic substrates -diphenylacetone
The ketone 1,1-diphenylacetone is a highly reactive substrate for electropositive metals; the pK a of the most acidic α-H is 19.4, close to that for indene, but the deprotonated molecule can coordinate to a metal centre in the enolate form. Accordingly, the reaction between 1-Y and one equivalent of Ph 2 CHCOCH 3 in thf at 60°C for one hour results in the formation of the zwitterionic yttrium imidazolium enolate YCp 2 (LH)(O-C(Me)vCPh 2 ) 10 (Scheme 6). A similar reaction at room temperature results in a different complex 10a which we
have not yet been able to characterise structurally, but which is cleanly converted into 10 upon heating to 60°C; we assume that 10a is a kinetic isomer of 10. includes a singlet corresponding to the protonated imidazolium carbon atom at 138.8 ppm, and a doublet at 160.9 ppm and a singlet at 111.2 ppm which can be assigned to the two enolate alkene carbon environments. Single crystals of 10 suitable for X-ray crystallography were grown from a concentrated thf solution at room temperature ( Fig. 9) . The yttrium centre in 10 is coordinated in a distorted tetrahedral coordination environment (average angle 111.3°) by two cyclopentadienyl ligands, a pendant alkoxy-tethered imidazolium ligand and the diphenylenolate group. Complex 1-Y is very reactive towards the heterolytic cleavage of the N-H bond of pyrrole and indole across the metal-carbene bond. Control reactions show that it is the NH and not the ortho C-H bond that is cleaved in a kinetically and thermodynamically preferred step. The fact that 1-Ce does not react with these substrates could be due to the presence of THF, which is a sufficiently strongly coordinating ligand that prevents access to this larger metal cation (the Y complex never coordinates THF), or that the Ce cation is insufficiently Lewis acidic to engender heterolytic N-H cleavage across the Ce-C bond. The homoleptic alkoxy-tethered NHC complexes 3 and 4 that have many (3 or 4) coordinated alkoxide groups are presumably insufficiently Lewis acidic at the metal centre to cleave the N-H bond, but still capable of forming hydrogen-bonded adducts with the substrates. 58 It is notable that the other carbocycles indene and fluorene do not react, despite their high carbon C-H acidity. The substrates with less acidic E-H bonds that can form a thermodynamically stronger Ln-E bond, in particular Ln-N (5 and 6 from pyrrole and indole respectively) and Ln-O (10 from diphenylacetone), readily form M-NHC addition products. Finally, the observation that a reaction of 1-Ce with alkynes occurs (albeit to rearrange to the known Cp adduct and polymerised alkynide materials), suggests that the strength of the Ce-CuCR bond provides an excellent driving force for these reactions. Work is in progress to isolate the alkynide adducts and to pursue secondary substrate insertion chemistry of these activated substrates that could lead to useful functionalised products and catalytic chemical cycles.
Experimental
General procedures
All manipulations were carried out under a dry, oxygen-free dinitrogen atmosphere using standard Schlenk techniques or in a glovebox unless otherwise stated. Solvents (toluene, hexane and THF) were dried by passage activated 4 Å molecular sieve towers, stored over activated 4 Å molecular sieves and degassed three times prior to use. Deuterated solvents were refluxed over potassium, vacuum transferred and freezepump-thaw degassed three times prior to use. LnCp 3 (Ln = Sc, Y, Ce), 62 and are reported to tetramethylsilane (δ = 0 ppm). Chemical shifts are quoted in δ ( ppm) and coupling constants in Hz. Elemental analyses were determined by Mr Stephen Boyer at London Metropolitan University and Medac Ltd. Crystallographic data were collected on an Oxford Diffraction Xcalibur diffractometer using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). Cif files were deposited with the CCDC, codes 1003236-1003246. 1-Sc -Sc(Cp) 3 (0.300 g, 1.25 mmol) and KL (0.274 g, 1.25 mmol) were combined in an ampoule and thf (20 mL) added. The reaction mixture was heated to reflux for 2 hours to afford a yellow solution. Upon allowing to cool to room Fig. 9 Solid state structure of 10. For clarity, H atoms, except the imidazolium proton, are omitted (displacement ellipsoids drawn at 50% probability).
temperature, colourless crystals of KCp formed. The solution was decanted away from the KCp into a Schlenk and the yellow solution of product 1-Sc was concentrated to the point of crystallisation, then cooled to −30°C. (6.80) , N, 7.27 (7.00). 1-Ce was prepared according to the method described above for the synthesis of 1-Y. It should be noted that the coordinated thf molecule observed in the solid-state structure is lost upon drying under vacuum. Yield: 0.342 g, 75%.
Anal. 2-Y -Following the same procedure mentioned above for the synthesis of 1-Y, to a suspension of YCp 3 (0.30 g, 1.06 mmol) in thf (10 mL) was added KL (0.460 g, 2.10 mmol) in thf (15 mL), and the resulting reaction mixture was heated to reflux for 45 min to afford a yellow solution. Upon allowing to cool to room temperature, colourless crystals of KCp formed. The solution was decanted away from the KCp into a Schlenk and the solvent was slowly removed under reduced pressure until colourless crystals of 2 began to form. Further crystals of 2 were afforded by cooling to −30°C. These crystals were isolated by filtration and dried under reduced pressure. Yield: 0.381 g, 71%.
1 H NMR (C 6 D 6 , 500 MHz): 6.53 (s, 5H, C 5 H 5 ), 6.37 (d, 3 J HH =
